Abstract. The biliary bile acid composition of 10 anseriform and three flamingo species was determined using a variety of chromatographic techniques. Some bile samples contained an unusual 23-hydroxylated derivative of chenodeoxycholic acid, (23R)-3a,7a,23_trihy-droxy-5P-cholan-24-oic acid (P-phocacholic acid). The proportion of this unusual bile acid correlated highly with the order of evolutionary appearance. &Phocacholic acid was found to constitute a major proportion of biliary bile acids in three flamingo species. The bile acid spectra present in these flamingos were similar to those of several ducks from the subfamily Anatinae; those of the Greater Flamingo (Phoenicopterus ruber) were virtually identical to those ofthe Nene or Hawaiian Goose (Branta sandvicensis). It is suggested that the common presence of a new biochemical character, @-phocacholic acid, in both ducks (Anatinae) and flamingos (Phoenicopteridae) provides evidence for a close evolutionary link between these bird families.
INTRODUCTION
Traditional morphological considerations (Wetmore 1960, Cracraft 1981) and a recent DNA hybridization study (Sibley et al. 1988 ) have been used as evidence for assigning flamingos together with storks, herons, and ibises to the order Ciconiiformes. Nonetheless, others have proposed that flamingos are more closely related to the Charadriiformes (Olson and Feduccia 1980) or Anseriformes (Delacour 1961 ). Although it is hazardous to use a single biochemical character as a criterion for evolutionary relationships, the available bile acid analyses of vertebrate species have been shown to agree well with assignments based on morphology and palaeontology (Haslewood 1978a). We reasoned that bile acid structure could provide useful information for defining the phylogenetic position of the flamingo. TO test this hypothesis, conventional and spectroscopic techniques developed in the process of identifying the unusual bile alcohols of the manatee (Kuroki et al. 1988 
RESULTS AND DISCUSSION
The chemical identity of P-phocacholyltaurine ( Fig. 1) was determined from the material obtained by collecting the appropriate peak from an HPLC chromatogram of flamingo bile. By low resolution secondary ion mass spectroscopy (SIMS) the compound' s quasimolecular ion at M/2 5 14 indicated that it was the taurine conjugate of a trihydroxy C,, bile acid (Whitney and Burlingame 1985). It had a TLC (Rf 0.12 System 1, Rf 0.37 System 2) and HPLC (RRT 0.34 compared to chenodeoxycholyl-glycine) identical to that of an authentic sample of P-phocacholyltaurine. Following deconjugation and formation of the methyl ester acetate derivative, material from peak (A) (Fig. 2) Unlike the great majority of vertebrate species in which dihydroxy bile acids are further hydroxylated at position 12 (on the steroid nucleus) to form cholic acid, /3-phocacholic acid is hydroxylated in position 23 (on the side chain), a trait shared in common with the Anatinae subfamily (ducks) of Anseriformes (Klinot et al. 1986) . Table 1 lists the biliary bile acid composition of these three flamingo species, as well as other selected wading birds with which flamingos have been traditionally associated. From this table, it is quite clear that the presence of P-phocacholic acid, as well as the low proportion or absence of cholic acid, groups the flamingos with the anseriforms and differentiates them from other ciconiiforms and the charadriforms. Additional support in favor of this grouping is the sharing of common anatomical and physiological features between ducks and flamingos, including lamellate bill, feather structure, voice patterns, a large cecum, preen wax composition, and mallophagan parasites (Sibley et al. 1969 ).
In Table 2 , 10 anseriforms are listed in order of evolutionary appearance, as assembled by Livezey (1986), based on his phylogenetic analysis using morphological characters. A high cor- ' The posit@ of the hydroxyl substituents is indicated. 3a7a, chenodeoxycholic acid; 3a7a12a, cholic acid, 3u7a23R, fl-phocacholic acid.
' A prebmmary determination of the structure of this compound indicates that it is allo-chenodeoxycholic acid (3a,7a-dibydroxy-5ol-cholan-24-oic acid). relation between the relative percentage of P-phocacholic acid and the ranking of the birds is readily apparent (Spearman' s rank correlation test, P < 0.001) (Brown and Hollander 1977) .
Including the flamingo in this statistical test (rank value of 0 assigned) resulted in a P-value c 0.0 15, still statistically significant. In this correlation, the relative amount of @-phocacholic acid increases in bile over time in a manner which is independent of diet and morphology; evidently the genes encoding enzymes responsible for 23-hydroxylation have been evolutionarily successful.
If it is true that the flamingos and anseriforms are directly related (as evidenced by the common presence of a bile acid 23-hydroxylase), the relatively low level of P-phocacholic acid expression in the Greater Flamingo suggests that among the flamingos it is closest to the branch point of the flamingo-duck families. This is true even if one assumes that the genetic course of 23-hydroxylase development proceeded differently in flamingos and geese once these two families diverged.
Using rank correlation based on the percentage of phocacholic acid, it is possible to assign the origin of the Phoenicopteridae within the phylogeny of extant anseriforms. Figure 2 contains an abbreviated phylogenetic tree of anseriform family names assembled by Livezey (1986) into which the Phoenicopteridae has been inserted next to the Branta. In addition to the presence of P-phocacholic acid, a high degree of concordance is also present in the overall bile acid profiles of the Greater Flamingo and the Nene, two birds with low but proportionately equal amounts of P-phocacholic acid. As shown by Figure 3 , this similarity included not only the common pres- The presence of 23-hydroxylated bile acids in only a few genera that belong to unrelated groups (ducks, pinnipeds, snakes) is further evidence that phocacholic acid is derived, rather than primitive. Although it is possible that p-phocacholic acid could have arisen independently in flamingos and anseriforms, the rarity of 23-hydroxylation in vertebrate bile would appear to justify our proposal of the existence of one common ancestor that experienced the event de novo.
It is also of interest to note that the presence 1988) . The biliary bile acid pattern observed in each species is determined predominantly by hepatic synthesis, in which specific hepatic hydroxylases operate on a finite number of sites on the steroid molecule. The relationship between biosynthetic intermediates and functioning bile acids is biochemically very close and appears to conform to a biochemical analogy of Haeckel' s law in which the bile acids present in adults of older vertebrates have become intermediates in the synthesis of the more complex bile acids of more recently evolved vertebrates. Whether the precise molecular differences seen in the stable bile acid spectrum can ultimately be directly related to the genes of each species can only be decided by further investigation.
While evolutionary biologists have long distrusted conclusions based on a single character, the bile acid profiles reported here are objective and quantifiable data that link the origins of the flamingo to the Anseriformes, albeit a currently unfashionable view.
